Low-cost options for the treatment of drinking water at the household level are being explored by the Cambodian government and non-governmental organizations (NGOs) working in Cambodia, where many lack access to improved drinking water sources and diarrhoeal diseases are the most prevalent cause of death in children under 5 years of age. The ceramic water purifier (CWP), a locally produced, low-cost ceramic filter, is now being implemented by several NGOs, and an estimated 100,000 + households in the country now use them for drinking water treatment. Two candidate filters were tested for the reduction of bacterial and viral surrogates for waterborne pathogens using representative Cambodian drinking water sources (rainwater and surface water) spiked with Escherichia coli and bacteriophage MS2. Results indicate that filters were capable of reducing key microbes in the laboratory with mean reductions of E. coli of approximately 99% and mean reduction of bacteriophages of 90-99% over .600 litres throughput. Increased effectiveness was not observed in filters with an AgNO 3 amendment. At under US$10 per filter, locally produced ceramic filters may be a promising option for drinking water treatment and safe storage at the household level.
INTRODUCTION
Over 1 billion people worldwide lack access to improved drinking water sources, and many more lack access to safe water as defined by the WHO risk-based Guidelines for Drinking-water Quality (WHO 2004 (WHO , 2006 . Conventional piped water systems using effective treatment to deliver safe water to households may be decades away in much of the developing world, meaning that many of the poorest people must collect water outside the home and are responsible for managing (e.g. treating and storing) it themselves at the household level (Sobsey 2002) . This gap in service is a serious public health issue and has been addressed in the Millennium Development Goals, which aim to halve, by 2015, the proportion of people without access to safe water in 2000 (United Nations 2000). Unsafe drinking water contributes to a staggering burden of water-related disease in developing countries, borne primarily by the poor (Prü ss et al. 2002; Moszynski 2006) . Particularly susceptible are children, the elderly and immuno-compromised individuals, who are most vulnerable to diarrhoeal and other waterborne infectious diseases (Lima & Guerrant 1992) .
In response to the persistent problems associated with waterborne diseases worldwide, new strategies for safe water provision are gaining currency, including treating drinking water at the household level to reduce exposure to waterborne pathogenic microbes (Clasen et al. 2007) . Taken together, devices that can be used to treat water and/or prevent contamination of stored water in the home are referred to as household water treatment (HWT) or pointof-use (POU) technologies (Sobsey 2002) . These comprise a range of options that can enable individuals and doi: 10.2166/wh.2009.007 communities to reduce microbial pathogens or chemical contaminants in collected water at the point of use, since contamination of stored water at the household level may occur even when source water may be safe to drink ( Jensen et al. 2002; Wright et al. 2004) . POU water quality interventions have the potential to fill the service gap where piped water systems are not possible or do not deliver safe water, potentially resulting in substantial positive health impacts in developing countries (Sobsey 2006) .
Systematic reviews of field trials have suggested that
household-based water quality interventions such as appropriate treatment and safe storage are effective in reducing diarrhoeal disease (Fewtrell et al. 2005; Clasen et al. 2006 Clasen et al. , 2007 .
Many technologies for POU water treatment exist and some are supported by extensive laboratory and field studies documenting effective reduction of waterborne pathogens and diarrhoeal disease in users. One promising technology is porous ceramic filtration. Studies of relatively expensive, commercially produced ceramic filtration devices have suggested that these filters can provide an effective barrier against microbial pathogen indicators in water and that interventions are associated with significant health gains in users versus non-users of the technologies (Clasen et al. 2004 (Clasen et al. , 2005 (Clasen et al. , 2006 . Successful field trials of more expensive filters have suggested that low-cost, locally produced filters may also be promising technologies for increasing access to safe water at the household level. Locally produced filters have the advantages of lower cost, use of local materials, labour, and expertise, and possibly greater potential for local investment and entrepreneurship.
The evidence base for microbiological effectiveness of locally produced ceramic water filters in the laboratory and in field use remains limited, however, despite widespread and increasing use of these technologies worldwide. -Craver & Smith (2008) found that well-characterized filter disks constructed using the Potters for Peace- Both waters were in use as drinking water sources in the village where our laboratory is located, in Kandal Province, adjacent to the RDI filter factory. Challenge water A was harvested rainwater with low turbidity and organic matter and low levels of pre-spike E. coli (Table 1) Methods for testing the filter in the laboratory were intended to replicate household use conditions. An exception to this would be the volume filtered per day, which in household use could be more than 10 l (up to 30 l). The duration of testing, greater than 660 l throughput over more than 3 months, was intended to be representative of longterm use based on previous effectiveness data from a fieldbased study of CWPs (Brown et al. 2007 ).
Oyanedel

Choice of test microbes
The non-pathogenic test microbes, E. coli CN13 (ATCC 700609) and bacteriophage MS2 (ATCC 15597-B1), were used as surrogates for bacterial and viral pathogens potentially present in drinking water sources, respectively. E. coli is a Gram-negative, rod-shaped bacterium (NIS 2004) . Most of the remainder use dug wells as a source of drinking water. Access to well water is highly variable, however, and increasingly suspect as a source of drinking water in some areas because of arsenic contamination (Feldman et al. 2007) . to its similarity to poliovirus and hepatitis A virus in size (diameter ¼ 24 -25 nm), shape (icosahedral) and nucleic acid (RNA) (Dowd et al. 1998; Hassanizadeh & Schijven 2000) . It is also useful in laboratory applications because of its ease of production, recovery and enumeration, its nonpathogenic nature and the ease of attaining high titres (Abbaszadegan et al. 1997 ).
Microbiological methods: E. coli testing E. coli CN13 was inoculated in tryptic soy broth (TSB) medium (DifcoY) and incubated overnight (16 h) at 378C.
The TSB medium was 3 g tryptic soy broth per 100 ml reagent water, which was sterilized and allowed to cool to 308C or lower before use. Because E. coli CN13 is resistant to the antibiotic nalidixic acid, TSB for growing stocks was supplemented with 1% nalidixic acid (1 g of nalidixic acid sodium salt dissolved in 100 ml reagent water, filter sterilized via a 0.22 mm pore size membrane filter assembly) at 0.1 ml nalidixic acid to 10 ml TSB (final concentration 
Microbiological methods: MS2 testing
The F þ RNA coliphage MS2 (ATCC 15597-B1) was
propagated to obtain high-titre stocks. Bacteriophages originally obtained from laboratory stocks were twice purified on E. coli C3000. High titre stocks were produced through confluent lysis on soft agar with phages, log-phase host (E. coli F-amp) and appropriate antibiotics and incubated at 378C for 24 h. The lysate-agar mixture was subjected to chloroform extraction. Chloroform was added to the mixture in a 1:1 volume:volume ratio in 50 ml polypropylene centrifuge tubes, shaken vigorously by hand for 3 min, and centrifuged for 20 min at 48C at 2,500 relative centrifugal force (rcf). Following centrifugation, the supernatant was removed from individual centrifuge tubes and pooled. Sterile glycerol was added to the supernatant in a 1:4 volume:volume ratio. Finally, the stocks were aliquoted in 1 ml polypropylene microcentrifuge tubes and stored at 2208C and used within 2 weeks of production. Phage stocks were assayed to determine titre using standard plaque assay techniques (Adams 1959; USEPA 2001 
RESULTS
Results of laboratory testing of filters for E. coli and MS2 reductions from spiked waters over time are summarized in Table 2 . The results for repeated challenges indicate some variability in performance among filters in reducing both test microbes from both test waters, although no significant differences were detected in reductions of microbes (LRVs) between the filter types, among filter replicates of the same type, or between challenge waters. Reductions of E. coli were significantly higher than those of bacteriophage MS2 in all cases. The CWP Ag reduced E. coli by a mean 2.2 log 10 units (95% CI 2.0-2.4) and MS2 by a mean 1.3 log 10 units (95% CI 0.83 -1.8) in challenge water A (rainwater) and E. coli by a mean 2.3 log 10 units (95% CI 2.1 -2.5) and MS2
by a mean 1.5 log 10 units (95% CI 1.1-1.9) in challenge water B (surface water). The CWP reduced E. coli by a mean 2.1 log 10 units (95% CI 1.8 -2.3) and MS2 by a mean 1.6 log 10 units (95% CI 1.2-2.0) in rainwater and E. coli by a mean 2.1 log 10 units (95% CI 1.9-2.3) and MS2 by a mean 1.7 log 10 units (95% CI 1.3-2.0) in spiked surface water.
Log 10 reductions of E. coli were not correlated with throughput over the total volume tested; linear regression using volume filtered as the independent variable did not yield evidence of association (R 2 ¼ 0.016) in data pooled from filter types and challenge waters. Similarly, trending was not observed in MS2 reduction over the total volume tested (R 2 ¼ 0.17). Greater reductions of both MS2 and E. coli were observed in initial testing of filters (within the first 100 l), however, in both challenge waters and in both filter types when comparing data up to the first 100 l with data from . 100 l throughput. For E. coli, the mean log 10 reduction was 2.9 log 10 (95% CI 2.5-3.4) within the first 100 l of testing and 2.1 log 10 (95% CI 2.0-2.2) thereafter ( p , 0.0001). For MS2, the mean log 10 reduction was 4.1 log 10 (95% CI 3.5-4.8) within the first 100 l of testing and 1.2 log 10 (95% CI 1.1 -1.3) thereafter ( p , 0.0001). The effect was consistent and significant in both challenge
waters and in both filters tested for both E. coli and MS2. 
